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Introduction
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Bottom trawl surveys of the Celtic Sea shelf demersal assemblage record over 100 53 fish species. Commercial fisheries target predominately 10 of the largest and most 54 abundant (Marine Institute, 2013), but survey catch per unit of effort (CPUE) 55
indicates that several other species of little market value have similar overall 56 abundance to these. Such abundant non-target species are frequently caught in 57 commercial fishing gear (Pope et al., 2000) , typically being discarded dead or dying 58 (Benoit et al., 2013) . It has proved difficult to quantify the effect of fishing pressure 59 on non-target species, although long-term survey abundance trends in North Sea 60 populations do imply fishing impact (Jennings et al., 1999) . Fishing exerts mortality 61 at some rate (the instantaneous death rate due to fishing F) on each species. Realized 62 F varies with behaviour and morphology, and can be expressed in terms of 63 susceptibility and selectivity in the fishing gear, and the survival of fish after 64 discarding (Zhou et al., 2010) . Estimating F for key target species is typically 65 undertaken using analytical stock assessments that are based on the age distribution of 66 commercial catches. Such data are generally collected only for dominant target 67 species and therefore such assessments are precluded as a means of estimating F for 68 non-target species. 69
70
In the current absence of empirical estimates of non-target F, some authors (e.g., Le 71
Quesne and Jennings, 2012) suggest applying a precautionary principle such as 72 'Pope's postulate' (Pope et al., 2000 ). Pope's postulate states that "fishing fleets 73 generate a fishing mortality on non-target species which is less than or equal to that 74 generated on the target species". It thus may provide upper limits on current mortality 75 data poor situations (Jennings, 2013) . This is a pragmatic approach, but may be too 77 conservative in some fisheries and insufficiently precautionary in others. Only case-78 specific assessments can produce estimates of non-target mortality rate (Jennings, 79 2013) . Nonetheless, accurate estimates of fishing mortality on non-target species are 80 required to fulfill international commitments on biodiversity conservation (e.g., CBD 81
2010), and are central to the Ecosystem Approach to Fisheries Management (EAFM) 82
(Garcia et al., 2003) , which proposes to integrate fishing effects across exploited 83
communities. 84 85
As an alternative to age-structured methods, Pope et al. (2000) proposed that the 86 volume of catch (discards) in the fished component of a 'local area' could be 87 extrapolated to derive an estimate of F for the whole of that local area. This method 88 demands broad assumptions about catchability (the probability that an individual 89 encountering fishing gear will be retained) and especially about spatial distribution of 90 fish across the overall area. Where possible, a better approach may be to derive 91 population biomass estimates from standardized fisheries-independent trawl surveys. 92
The primary challenge here is that such surveys are not typically designed to estimate 93 absolute fish population abundance, but to produce CPUE indices of relative 94 abundance. Many aspects of fishing gear selection and fish behaviour will affect 95 catchability, and differences in catchability mean that surveys provide 'biased 96 perceptions of the actual abundance of different species and size classes at a particular 97 time and location' (Fraser et al., 2007) . Estimating absolute abundance from survey 98 data requires a correction for catchability (ideally by species and length). This area (approximating to ICES area VIIg) was selected because it comprised the 133 best overlap between available Irish Groundfish Survey (IGFS) data and Irish discard 134 observer data, and captures much of the landings of the analytically assessed 'Celtic 135 Sea cod' stock (ICES, 2012a) and the 'whiting in divisions VIIe-k' stock (ICES 136 2012b) (Figure 2 ). Each of these two stocks is assessed annually with an age-137 structured analytical assessment XSA (ICES, 2013a) to produce estimates of 138 spawning stock biomass (SSB), and importantly for this study, total stock biomass 139 (TSB) and F at age. These assessments are primarily based on commercial landings 140 data from the relevant stock area, but the most recent biomass estimates are adjusted 141 ('tuned') using fisheries-independent survey data from the IGFS. In addition to the 142 assessed cod and whiting stocks, we selected 9 abundant non-target species from the 143 IGFS, and also 3 exploited ray species of conservation interest. All selected species 144 were deemed to be above the survey detection threshold, i.e., present in >5% of all 145 hauls and recording abundance >5 individuals km -2 (Trenkel and Cotter, 2009) . Survey (IBTS) protocol is followed. In a given year, trawl samples (designed to be 30 153 min duration at 4 knots) are collected at 1-10 sites within each surveyed ICES 154 rectangle. All fish captured in the IGFS are identified to species and measured (total 155 length; l cm ). For cod and whiting, and the selected non-target species, we calculate the 156 annual biomass B s,y of species s in the study area in year y, by summing over survey 157
where K is the number of rectangles in the study area and 160
where A k is the sea surface area (km 2 ) of the kth rectangle and ̅ , , is the 162 mean biomass density (kg km -2 ) of species s taken over J k individual survey trawls in 163 rectangle k and year y: 164 species is known to be herded into the path of the net by the sediment cloud stirred up 176 by the otter doors and sweeps (e.g., Main and Sangster, 1981; Wardle, 1986) . For each species s in year y, a first HR range for the study area was then estimated as: 241
242 B s,y is expanded biomass (see above). (Table 3) . Two roundfish (red gurnard and grey gurnard 313
with some values for red gurnard exceeding the maxima recorded for assessed stocks 315 of both cod and whiting (Table 3) . 316 317
Reference levels 318 319
Of the teleost species, dab (Limanda limanda), red gurnard and grey gurnard showed 320 at least one annual HR greater than one of the proposed HR reference levels, while 321 some HRs for red gurnard were greater than both reference levels. All tested 322 elasmobranchs recorded at least one The ecosystem approach to fisheries requires information on population size and 333 fishing mortality of non-target species within exploited fish assemblages. We use 334 catchability-expanded survey records and catch (landings + discards) data to estimate 335 biomass and HR for two assessed and several non-target demersal fish species. 336 In order to validate our approach, we needed to make a direct comparison between 347 survey-based estimates of biomass and mortality for given stocks, and corresponding 348 estimates from analytical assessments. We identified an area of the Celtic Sea ( 'worked example' of our approach, we used the same study area for non-target 357 'stocks'. Our results thus represent biomass and HR estimates for that component of 358 each non-target stock within our study area in a given year. When applying the 359 method at, e.g., MSFD Subregion scale, there may be ecological justification in 360 defining species-specific ranges from survey CPUE data. A potential difficulty is that 361 so synthesis of disparate data series may be required. 363
364
In our biomass estimates B s,y , we stratify the survey data by ICES rectangle, as in the 365 analytical stock assessments. This simple approach incorporates spatial heterogeneity 366 in population density without demanding complex evaluation of density patterns and 367 temporal changes in these patterns. An alternative approach might be to stratify the 368 survey data in a more dynamic way, based on observed spatial density of the fish 369 within and among years. 
Harvesting rate 410
have to assume that the landings data are accurate, and so the two major potential 413 sources of uncertainty in our approach are the survey-based estimates of species 414 biomass (which include uncertainty in catchability q i,s ) and the observer estimates of 415 discarding. We attempt to address both these sources of uncertainty, although 416 uncertainty in q is not explicitly addressed. The survey follows a robust scientific 417 protocol in which samples are located randomly within ICES rectangles. By sub-418 sampling (random 10% deletion) from the pool of survey hauls in each year, we 419 address the potential effect of haul location and inter-haul variation on annual species 420 biomass estimates, while maintaining spatial stratification by ICES rectangle. The 421 discard observer scheme is more ad hoc, with overall fleet coverage stratified by 422 métier, but actual sampling depending partly on access to fishing vessels, weather, 423 seasonality in fishing patterns etc. We thus take a more flexible approach to 424 uncertainty in the discard data, incorporating into HR estimates the effect of ±20% 425 error (Rochet et al., 2002) in the estimate of annual discards of a given species. As 426 expected, the range in annual HR for each species tends to be wider when both 427 sources of uncertainty are included ( estimates from corresponding analytical stock assessments. We note that while the 435 stock assessments are predominately based on age-structured landings data, they use 436 estimating biomass and mortality are not completely independent. Survey CPUE 438 generally has most influence on terminal estimates of fishing mortality and SSB in the 439 assessments, and so the most recent 3 (approx.) years, assessment F and SSB are most 440 strongly influenced by the survey. For earlier years, the assessments tend to converge 441 on the catch data according to the traditional convergence properties of VPA-based 442 assessments. On this basis, the IGFS will not strongly influence cod and whiting 443 assessment outputs (which we took from 2013 ICES WG reports) for the earlier years 444 used in our study (2008) (2009) (2010) , but there will be some non-independence for the final 445 year (2011). Even for 2011, we suggest that possible non-independence does not 446 matter, since our intention is to provide survey-based estimates that can serve, for 447 unassessed populations, the same purpose as age-structured assessments. 448
Correspondingly, we find that we can use survey data directly and derive results that 449 are similar to those produced by those assessments. This result suggests that for other 450 species, survey data may also be sufficient to produce estimates that would be similar 451 to those from age-structured assessment if such assessments were conducted. found that red and grey gurnards (and boarfish Capros aper) were the most common 468 non-target species discarded in the Celtic Sea; discarding of the highly perishable red 469 gurnard increased with trip length. This high level of discarding for red gurnard, 470 compared to our small abundance estimates for this species (Table 2) Table 2 . Survey-based (IGFS) estimates of total stock biomass in tonnes (B s,y ± 1SD), 695 95th percentile of length (l 95 , cm) from the IGFS data and natural mortality (M) from 696
Fishbase for non-target demersal fish species in the study area of the Celtic Sea. 697 698 
